We proposed and demonstrated the application of a polarization-maintaining photonic crystal fiber for torsion sensing. The sensor has high twist angle resolution and exhibits reduced temperature sensitivity, making it an ideal candidate for torsion sensing.
INTRODUCTION
Photonic crystal fibers (PCFs) used for sensing application attracts lots of research interests in recent years. [1] [2] [3] [4] The unique characteristics of PCFs, such as easy to interact sample with light and endlessly single-mode, make them promising as gas sensors and biosensors to name a few. Polarization-maintaining PCFs (PM-PCFs) are relatively new and offer great advantages owing to their high birefringence and low thermal sensitivity. 5, 6 The use of PM-PCFs as sensing elements for strain and pressure measurement has been reported recently. 7, 8 The high birefringence can be introduced in PCF due to different air-hole diameters along the two orthogonal axes, which makes this kind of fiber a potential candidate for fiber optic sensing based on the polarimetric technique, such as torsion measurement. Torsion measurement is important for bridges, buildings and many other engineering applications. Compared with conventional torsion sensors, the fiber optic torsion sensors have the distinct advantages of all-fiber-optical sensing. The fiber optic torsion sensors based on fiber Bragg gratings (FBGs), long period gratings (LPGs) and high birefringence fiber have been demonstrated, [9] [10] [11] [12] however, these sensors are in some degree sensitive to temperature variation.
In this paper, we have proposed and demonstrated experimentally a novel fiber optic polarimetric torsion sensor based on PM-PCF. The twist angle of the PM-PCF based torsion sensor can be measured with polarimetric detection. High average resolution of twist angle is estimated at around 0.075 degree within forward/backward 90 degrees twist under 0.01 dB readout in an optical power meter. Owing to low thermal coefficient of PM-PCF, the proposed torsion sensor reduces the requirement of temperature compensation when it functions in harsh environment where temperature fluctuation is inevitable. High birefringence of the PM-PCF ensures the torsion sensor to be compact, releasing the limitation of the torsion gauge length. Figure 1 illustrates the experimental setup of our proposed torsion sensor based on PM-PCF. The light source used in this experiment was a tunable semiconductor laser (Santec, Model TSL-210) which operated at 1550 nm. The polarization extinction ratio of this light source was higher than 40 dB. A polarization controller (OFR) was used to adjust the polarization state of the light launched into the PM-PCF. The PM-PCF (PM-1550-01, produced by Blaze-Photonics Com.) had a beat length of < 4 mm at 1550 nm and the polarization extinction ratio of >30 dB over 100 m. The scanning *freddy.fu@polyu.edu.hk; phone 852 2766 4677; fax 852 23301544; I &n electron micrograph (SEM) image of the transverse cross section of the PM-PCF is shown in the inset of Fig.1 . Mode field diameters for the two orthogonal polarizations were 3.6 and 3.1 µm respectively. The total loss of the two splicing points was ~4 dB, such low splicing loss was achieved by repeated arc discharges applied over the splicing points to collapse the air holes of the small-core PM-PCF. 13 The whole optical system was implemented on an optical table to ensure stability. Initially, a straight section of the PM-PCF was fixed by glue at both ends on a twist stage without any twist or strain. The twist stage was capable of applying required twist with the twist angle measurement provision. Polarimetric detection of output signal light was achieved by a linear polarizer (OFR) together with a power meter (Ilxlightwave, FSM-8210). At the beginning, the polarization state of the polarization controller was adjusted to get maximum power at the output. Maximum output power can be achieved only when the polarization state of the output light is parallel to the pass-axis of the linear polarizer. Hence we adjust both the polarization controller and the linear polarizer to get the maximum output power at the beginning. With the PM-PCF under twist, the optical output power was observed varying as a function of the twist angle. Figure 2 shows the measured output power as a function of twist angle of the PM-PCF. As can be observed, output power is highly sensitive to the applied twist with a variation of more than 12 dB when the twist angle was varied in the range of [-π/2 π/2]. In addition, the power variation was highly symmetric. The same figure shows the sensor response when the PM-PCF was twisted from -π/2 to π/2 (forward twist) and then from π/2 to -π/2 (reverse twist). These results show a complete reversibile nature of the proposed torsion sensor.
EXPERIMENTAL SETUP AND PRINCIPLE

EXPERIMENTAL RESULTS AND DISCUSSION
Theoretically, the average sensitivity of the torsion is around 0.13 dB/deg in the whole twist range. Therefore, the resolution of the proposed torsion sensor was estimated to be ~ 0.075 degree at around 0.01 dB readout in an optical power meter. As we can notice, the twist sensitivity varies with the twist angle. For small twist angle, the power level will follow a slow decreasing smooth curve, while at larger twist angles, the power level will fall down sharply. However, at the range which close to π/2 or -π/2, the power will become low that the power accuracy for detection may decrease if 
Twist region
we compare it with the small twist angle region. The normalized intensity as a function of twist angle is shown in figure  3 . From 30 degree to 70 degree, the power decrease with a good linearity. The linear region can benefit in real application that we can pre-twist to such range. It is important to mention that the resolution depends on the stability of polarization state of light source and gets affected by other environmental distortions. Owing to the limitation of setup, the smallest twist which could be applied in the present study was 1 degree and we can notice that readout is very stable as shown in Fig. 2 . Effect of an ambient temperature on the sensor response is a critical issue while designing a sensor system for real-field applications. Hence, the effects of ambient temperature fluctuations on the sensor performance were also investigated. For this, the sensing twisted PM-PCF was placed in a temperature controlled container, and the temperature within the container was varied from 20 o C to 70 o C. Figure 4 shows a typical sensor response under temperature variations. As can be observed, the power variation is only 0.2 dB against a temperature variation of 50 o C. 
CONCLUSIONS
A novel fiber torsion sensor employing a PM-PCF as a sensing element is proposed and demonstrated. Compared to the conventional fiber optical torsion sensors, the proposed sensor exhibits reduced temperature sensitivity, eliminating the temperature compensation requirements if the temperature variation is not very large. In addition, this sensor is simple to design, compact in size, easy to manufacture, and highly sensitivity to the applied twist. This makes it an ideal candidate for torsion sensing for real field applications.
